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1 Introduction 

During t,he 1988/1989 run at, the Fermilab Tevat.ron, t.he CDF det,ect.or 

collect,ed :I 4.lpb-’ of pp data at, & = 1.8 TeV. The main goals of Ihis 

run being physics at. high pt, t,he C!DF t,rigger was “tuned” for maximizing 

signals from Z’s, It’s, t-quarks, etc. As such, compared t,o the high p, 
physics, the b-physics program was of secondary import,ance ot,her t,han 

t,hat, wl:ich would be used for background calculat,ions. Also, C!DF had no 

vertex chamber capabi1it.y for seeing displaced vertices. However, significant, 

b-quark physics results are evident in t,wo dat,a samples: 

1. Inclusive elect,rons. 

2. Inclusive J/Q where JJ$ + p’+p’- 

We can t,hen ask ourselves, given all t.his, why is it, t,hat, C!DF is able l,o 
do b-quark physics? The answer is t.hat nat,ure has been kind enough to 

provide b-quarks at an extremely high rat,e at. t,he Tevatron. The product,ion 

cross-se&ion for bz product,ion is quit,e large, as t.able 1 implies. 

Procrss a,,,d,,,~(~ba~rns) Per inelast,ic 

Unitarit,y (2 47i&,t0n) 120,000 

In&&c (%initnum bias”) 80,000 
“QC!D” (moderat,e+high Q*) 1,000 

b& X 40 

w + f” 0.002 

ii x (m,,, = lOOGel’) 0.0001 

112 
l/50 

l/1000 

l/2.5,000,000 

1/.500,000,000 

1 

Table 1: A comparison of various Yypical” product,ion cross-sect,ions at, i,hr 

Tevai.ron. All numbers are approxin1at.e. 
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In t.he rest, of t,his paper, I will t,ry to specify t,he goals for h-physics 

using t.he inclusive elect.rons and J/$ signals for t,he 19SSjS9 dat.a set,. I 

will t,hen provide a brief look at, the data, and will finish wit.11 some highly 

speculat,ive guesses as to whether or not experiment,s at. t.he Tevat,ron which 

look for C’P violat,ion in t.he b sect,or are possible. 

2 B Physics Goals at CDF 

There are many t,heor&cal questions t.o answer concerning production 

propert,ies of b quarks. For inst,ance: due t,o t,he fact. t.hat, t.he st,ruct,nre 

funct.ions favor gluon interact,ions below JQ” - 30 C:eV (where t,he bb 
cross-sect,ion is highest.), one expect.s that initial-st,at,e gg diagrmns domi- 

nat,e over initial-st.at,e qYj and qg. In figure 1 and 2 we show t,he lowest, and 

next. highest, order diagrams, and of these the t-channel diagrams (“gluon 

fusion”) dominat,e lowest, order and t,he gg + gqij (“gluon split.ting”) dotn- 

inat.e at. next, highest, order. Naively, the cross-sect.ion for t.he higher order 

amplit.udes is exp&ed t.o be of order ad smaller t,han t,he t,ree level process 

due t,o t.hr ext,ra vert,ex. However, when the invariant, mass of t,he qQ is 

stnall compared to A, the energy of the subprocess, t,he process can be 

fact,ored into a term for the produc,tion of gg (proport,ional t.o a,) times 

t,he propagat,or (l/m,&) t,imes t,he gluon split,t.ing probabilit,y int.o q?j: or 
following Eicht,en[l] 

dm - 
4FF -qw=em79)x~ 

J 
AP9-&l)dT. 
na,< 

and for production at, pseudo-rapidit.y 7~ = 0 in the CM frame 

C(PF - q&7) = 4PF - 99) x $+g-$. 

Since t,he lowest. order gg product.ion cross-section is a fact,or of z 100 t,imes 

t.hat, for lowest. order qij, we see t.hat, a(@ - qqg) 2 a(@ 2 qTj). Not.e t,hat 

t,hese t.no processes (flavor creat.ion v.3. gluon split,ting) may have different 
t,opologies and p, dependencies7 and as a source of backgroun$ t,o high ,?r 

processes such as ti product,ion. it, is crrlcial t,o measrwe the hb produrl,im 
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propert.ies such as c and da/dp,. Predict,ions of bz product,ion &es at, t,he 

SSC! would also be aided if the ext.rapolat.ions (to stnall .T E E/Eb,.,m and 
large Q’) st,arted at, 1.8 TeV from measured rat.es. For t.hese reasons, t,he 

measurement, of t.he bi product.ion cross-sect,ion and da/dp, are sonw of t,he 

main goals of t,he CDF b-physics program. 

Also, since t,he mixing for B°F is large: 

PZ 
qp -jp+F) 

I-( B0 4 X0) 
= 0.19 f 0.06 * 0.06[2] 

a measurement. of mixing using the like-sign elect,rons in t.he inclusive di- 

electron sample is anot.her goal of the CDF b-physics program. 

3 The CDF Detector 

The CDF det.ector has been described in det.ail elsewhere [3]: here we 

describe rrlevaut~ component,s in brief. 

3.1 Tracking 

Itnmediat,ely out.side t.he beam pipe are 8 t.ime project.ion chambers 

(VTPC) providing e - 2 t.rackiug up to a radius of 22 cm in t,he pseudo- 

rapidit,y region 1171 < 3..5. The primary use of the VTPC is in event, vert,ex 

finding in z (wit,11 a resolut,ion of 6; = 1 - 2 Nan) and in ident,ifyiug pho- 

t,on conversions in the VTPC:/CTC: (cent.ral tracking chmnber) inuer wall. 

Charge tracks are measured in a 1.412 Tesla axial field by the CTC, an 

axial drift, chamber in the region 191 < 1.2. The chamber consist.s of 84 

sense wires, 24 of which are tilted f3” to the axial direct.ion for st,ereo 

determinat.ion. The wires are arranged in 9 superlayers, t,ilted for Lorent,z 

angle rompeusat~ion, ext,ending t.o a radius of 1.3 111. Transverse ulomentuul 

resolut.ion 6p,/p, is measured t,o be O.OOlTp, (Gev/c), and is inlproved t.o 

O.OOllp, using beam const,rained fit.s. 



3.2 Calorimetry 

The C!DF calorinlet.ry consists of 3 subsystems in t,he regions I?11 5 1.1 

(cent,ral), 1.1 < 171 < 2.2 (plug), and 2.2 < (711 5 4.2 (forward). In t.his 

analysis, elect.rous are rest,rict,ed t,o t.he cent,ral region and jet.s are restrict,ed 

t,o t,he ceut.ral and plug regions. 

The cent,ral elect,romagnet,ic (6Ehf) ralorimet,ry consist,s of alt.ernat.ing 

layers of lead with scintillat,or sampling, 18 radiat.ion lengt,hs deep, wit.11 

project.ive t,ower geomet,ry subtending 67 x E$ = .11 x 15”. The resolut,ion 

measured using t,estbeam elect,rous bet,ween 10 and .50 GeV is found t,o be 

u/E = 13,.5%/a@ l.i% where t,he t,wo t,erms are added in quadrat.ure 

and Et = E siu0 is in GeV. At, shower max in the CEhl (6X0) are propor- 

t,ioual wire chambers (C’ES) wit,h cat.hode strip readout. used t,o measure 

t,he azitnuthal and axial posit,ion and shape of showers. The resolut.ion 

measured using 25 GeV t,estbeam electrons is 2.0 mm in bot,h t.he 4 and I 

coordinat,es. Hadron showers are measured using iron-scint,illat.or calorime- 

t,ers (C!HA and WHA) locat.ed radially behind t,he C!EM. The resolut.ion for 

t.est,beam pious is measured t,o be u/E z 80%/a. The phot.ot,ubes are 

inst~rumented wit,h TDC s which provide t.iming information used t.o reject, 

cosmic ray and Main Ring backgrounds. 

The plug aud forward regions consist. of gas proport,ional-tube calorime- 

t.ers, both using lead absorber for Ehl showers and iron for hadronic and 

employing cat.hode pad readout,. Projective t,owers cover 67 x E+ = .09 x .5’. 

The energy resolut,ion for electrons and jets is measured t,o be u/E 1 
30%/a and a/E h 120%/a respect.ively. 

3.3 Central Muons 

Muons are ident.ified in t.he cent,ral region 171 < 0.65 in drift. chambers 

operat,ed in st,reamer mode sit.uat,ed behind t,he 4.9 absorption lmgt,hs of t.he 

cent,ral Ehl and Hadron calorimet.ers. CWmlbers are segnwnt,ed in 4 int,o 

12.6” wedges at.tached t,o t.he t,op of each calorimet,er wedge, and t,here xe 

4 chambers per wedge. Single hit, TDC’s provide t,iming used t.o determine 

t.he 4 roordinat,e in each chamber t,o Erb 1 0..5 nuu. C’harge division is 
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used t,o nleasure t.he z coordinat,e t.o 6: 2 5.0 mm 

4 Inclusive Electrons 

4.1 Trigger and Selection Criteria 

For the 1958/89 Tevat,ron run, the inclusive elect,ron t,rigger consist,ed 

of t,he following: 

. Hardware levels: 

- Limited t,o t.he cendral t,racking region 17) 5 1 

- Hardware elect.ron clust,er defined by 

* 5 1.5 t,rigger t,owers (67 = .2> Sf$ = 1.5”) 

+ t.ransverse elect~romagnetic (EM) energy > Et/l.125 where 

E, is the t.otal transverse energy iu the clust,er 

- A mat,cb t,o a “stiff” CTC! track in the same (4) slice 

- 12 GeV t,rigger: EM Et 2 12C:e17 and pt of t.he t,rack 2 5.5 GeV 

- 7 GeV trigger: EM E, 2 iGel; and p, of t,he t,rack 2 4.8 GeV 

l Software level: 

- Shower profiles in the st.rip chambers consistent. wit,11 t,est.beam 

electroIls. 

- Et of the electrons above 12 GeV for the 12 GeV t.riggers and 7 

GeV for the 7 GeV triggers 

The efficiency for t.he 12 GeV trigger was st,udied using the missing t,rans- 

verse energy (E) t,riggers at, “high” p, and t,he TGFI,~ t.riggers at. low pt. 

Offline, electrons in t,he cenbral region are required t,o pass the following 

ct1t.s: 



. Cahr < 0.2. This is a measure of how t,he lat.eral leakage of energy in 

an EM shower is con&dent, wit,11 test,beam dat,a. The z vert.ex (from 

the VTPC!) is used for this calculat,ion. 

. ar$ < I.4 cm and 6: < 2.0 cm where 6rd and (II are t.he dist,ancw in 

r4 and z bet.ween a t,rack as ext,rapolat,ed from t.he CTC and t,he EM 

shower posit,ion as nleasured in t,he CES. 

l ‘;” < 10 where 7 is t,he average ,x2 of t.he shower profile (using t.est,- 

beam elect.rons) in t.he TI$ and z views in the CES. 

l H&/Em < 0.04 in the r!ust,er where Hnd and Em are the ener- 

gies from t,he HADRONIC and ELECTROMAGNETIC part.s of t,he 

calorimet,er respect.ively. 

. 1 and only 1 charged t.rack pointing t,o the clust,er 

. 0.75 < E/p < 1.40 where E is measured from t.he clust,er and p front 

t,he CTC. 

Phot,on conversions are reject,ed searching for an opposit,ely charged 

t,rack wit,hin h(cot 0) < 0.06 in t,he polar angle which has a dist,ance of 

closest. approach of less t,han 0.2 cm t,o the elect,ron candidat,e. Candi- 

d&e elect,rons which sat,isfy this cut, and an addit.ional crit,eria t,ha,t for 

VTPC!/C!TC conversions t,here be less t,han 20% of t,he expect,ed hit,s for a 

real elect,ron in the appropriat,e road in t,he VTPC are removed. 

After all cut,s, we est,inlate t,he background t,o t,he prompt. electron signal 
t.o be 15 i 1.5% from charge hadrons and 12 + 7% from residual phot,on 

conversions. 
Addit,ional backgrounds frown W -+ EV and 2 + e’e- decays are re- 

nloved requiring the following: 

1. hf; z 2E&(l-cos5q5) > 64E, where Et is of t,he elert,ron and Eis t,he 

length of t,he vect,or sum of t,he t.ransverse energy in t,he calorimeters 

(with 17~1 < 3.6). This relnoves II’ 2 w decays. 

2. For all other clusters in the event, which hare EhI fracticm abow 0.85 

(EM clust.er), we require t,he invariult. mass of t,he electron can(litlalr 
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and t.1l.e EM clust,er m(elEIII) > 80 GeV. This removes Z - c+r- 

decays. 

After all cut,s. t.here are approximat,ely 13, 000 electrons from t,he 2 

225n.b-’ of 7 GeV t,riggers and 17,000 from t,he 2 4.lpb-’ of 12 CieV t.rig- 

gem. Figure 3 shows t.he pt spect.rum for &se electrons before and aft.er 

W/Z subt.raction, and figure 4 shows the pt spect~rum for t,he conversion 

candid&x. 

4.2 Production Rates 

The physics cont,ribut,ion t,o t.he inc,lusive el&ron dist.ribut,ion (not from 

backgrounds such as nlisident.ification and conversions) are est,imat,ed using 

t.he ISAJET Monde Clarlo. E vent,s are produced from t,he following physics 

sources: 

l B+ mesons decaying semileptonically 

s B, mesons decaying semilept.onically 

. B baryons decaying semilept~onirally 

l charm nxsons decaying semileptonically 

l cascade decays b - c - I 

. J/,$ i P- product,ion 

Aft& generat.ion, all event.s were run t,hrough t,he full CDF det.ert.or sinn- 

lation programs. The following table summarizes the result,s for electrons 

wit,li pt > 12 GeV. 

The first. row lists t,he fract.ion of t.he inclusive elect,ron pducd cross- 
section front the various sources. The second row list,s t,he dei,ect,ion ef- 

firienry for each source. The last. row cont,ains t,he fract,ion of t,he oh. 

scrcwf inclusive electron cross-section from the various sources. \\‘P sw 

t.hat ISAJET predicts t.hat. 72% of t,he (real) inclusive electrons are frmu 

B-isospin mesons, and t,hat, 90% are from all B sources. Figure 5 shops I he 
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Production 

Frxt,ion 

Det,ect,ion 

Efficiency 

Observed 

Fra.ct,ion 

0.60 

0.43 

O.i2 

I I 

B u.d Charm 

0.09 

0.43 

0.12 

: 

0.05 

0.35 

0.05 

0.20 

0.17 

0.09 

0.04 

0.13 

0.01 

JIU 

0.01 

0.55 

0.01 

Table 2: Fract,ions of elect,rons wit.h pt > 12 GeV from various sources. 

inclusive elect,ron sample aft,er W/Z removal wit.11 t,he ISAJET predict.ions 

for b and c t,o elect,rons superimposed (and a curve for c only) wit.11 arbit,rary 

nornlalizai~ion. 

4.3 B --+ Do 

The above t,able predicts that 72% of t,he inclusive electrons in t.he region 

jell < l,p, > 12 GeV are from Bu,d mesons. Therefore, we search for 

evidence of Do mesons in these event,s via the decay Do - li-rr+ and 
-II 
D -+ li+rr-. To reduce backgrounds, we limit, t,he p, of t,he elect.rons t.o be 

bet,ween 1 I and 30 GeV. Not.e that t,he sign of the elert,ron tags the charge 

stat,e of t,he b quark and the sign of t.he kaon tags the charge st,at.e of t.he 

charm meson. The invariant, mass of all pairs of opposit,ely charged t,racks 

wit.hin a cone of AR = 0.6 in 174 space (AR’ = h$ + a&) around t.he 

elect,ron are shown in figure 6. The nlonmlt~um of t,he “kaon” track is t,hen 

required t,o be above 1.5 GeV. and t,he sign is required to be the sa,nw a.s I he 
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elect.ron (or posit,ron). The peak abow background conbains 75 & l’i(sfn,f) 

event,s. ISAJET calculations predict. 72 i 20 event.s. Figure 7 shows a plot, 

of t,he Kne invariant, mass for event,s in t.he region InI - nl~~ / < 30 

MeV. The events in t,he sideband region defined by 30 < m(lin)-nmw < 90 

hIeV and -90 < m(Kr) - mDo < -30 hleV are subt.ract.ed, and for t,bis 

plot. t.he cone cut. is opened up t,o ilR < 1.2. We see t.hat, wit,hin sMist,irs 

t,he dist,ribution falls t,o zero near t,he mg threshold. This is as one would 

expect, if t,he D’s and electron were from a B meson decay. 

Since b quarks are produced in pairs, one would expect t,o see D’s pro- 
duced in t.he “ot~her” jet,, which would result. in kaons 0pposit.e in charge t.o 

t,he lept,on Flavor creat,ion processes should result. in event,s wit,11 a lept,on 

and an opposit,ely charged kaon in opposite detect,or hemispheres. Figure 

8 shows no evidence of a Do peak for events on t,he “ot.her” side. (In t,bis 

figure we define t,he “ot,her” side by a cone in 714 space rent,ered 180” op- 

p0sit.e t,he elect,ron, where t.he radius of the cone is rest,rict,ed t,o the region 

R G dm > 0.6.) This is under invest.igation, and may be due t.o at, 

least, one or more of t,he following reasons: 

. bz quarks should be produced wit,11 some rapidit,y corrclat,ion such 

t.hat, 67 - 1 or great,er[4]. Also, one expect.s t,hat, t,he b?! rapidit.y 

distribut.ion to be rat.her flat, out. t.o rapidit,ies of z 4[4,5]. Since t~he 

tracking region of t,he C’TC is linlit.ed t,o t,he region /‘)I < 1. t.his 

would cause a decrease in t,he accept,ance for t.he “ot,beP 6 given t,he 

d&e&on of the first. one. 

. QualiMively, a cut. of p;‘ectron > 12 GeV corresponds t,o roughly pf > 
20 GeV. This is far out, on the t,ail of t.he b quark pt dist,ribut,ion[6], 

where the efficiency for detecting Do + K-n+ is expect.ed t,o be rea- 

sonable. However, t,he b quark on the ot,her side does not, necessarily 

have t,be same high ptas it,s part,ner, and hence will be more difficult. 

t,o detect,. 

Work is coubinuing on t,his import ant, quest,ion. 

4.4 Inclusive Electrons - Goals and Speculation 

11 



At this dat.e, a value for t,he mixing paramet,er (see sect&m 2) is in 

progress. Also, siuce t,he semi-lept,onic decay of t,he B, mes~u should be 2 

100% t.o the D, meson (I?, - D, EvS), cme might, speculate t.hat. by lookiug 

for D, i d?r or D, + li”Kc one may measure t,he nlass of t,he B,. This 

search is in progress. (However, as described below. CDF may have bet,t.er 

nieasureinenbs of these quautities using t.he inclusive J/i + jf,+p’- event.s). 

It. is diffirult, t,o est,imat.e how many events may be in the present, sample 

due to many uncertainties, F.S. the fraction of B mesons which are B,, t,he 

branching rat,io of b - E, t.he reconst,ructiou efficiencies, cfc. For inst~auce, 

if we search for D, - &+(4 -’ K+Ii-) and D, -+ Ii'"li+(li'o + A-n+), 
“reasonable” est.imat,es indicat,e that the produced number of B, event,s 

should be no larger t,han z 5. 

The next run is scheduled for mid-1991. C!DF expect,s t,o record an 

increase in the luminosit,y of 2 x8. Wit.11 a lower t,rigger threshold. 12 2 10 

GeV, an addit,ional factor of 2 - 3 may be gained. This would mean a 

sample of z 300,000 inclusive lept,ons u-it,h pt > 10 GeV on t.ape. C!DF also 

plaus t,o install a silicon vert,ex (SVX) chamber around t,he beam pipe t,o 

look for displaced vert,ices. Wit.11 such a device aud the expect,ed amount, of 

dat,a, t,he B, meson should be discovered and its lifet.ime and meson fract,ion 

(B,/B,,d) measured. This device will also help in st,udying Iept,on-Do events 

by requiring displaced v&ices. 

5 Exclusive Decays of B--+ $X, T,I!J -+ p+~h- 

5.1 Trigger and Selection Criteria 

As mentioned above, t~he CDF central muon system rovers t.he region 

I?11 < 0.6 (cm 0 > 0.53), and due t.o t.he const.ructiou of t.he chambers has 

~111 acceptance of z 83% x 2n in 4. The t,rigger consi& of t.he following: 

l Hardware Level 1: A central muon candidat,e is defined as ha\-ing a, 

coincidence bet,ween at. least, t,wo outs of four layers of t~he central m~~ou 
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chambers wit,h roads defined to be 50% efficient, for 3 GeV muons. See 

[3] for more det,ails. 

s Hardware Level 2: Requires 2 level 1 cent.ral nuton candidat.es each 

having a track mat,& in 4 (zt7.5’) with pt > 3 (90% efficiency point.). 

. Hardware Level 3: Requires the level 2 dimuon as above wit,11 au 

additional requirement t.hat, t,he t,wo muons have pt > 3 where here p, 

is t.he momenbuu~ of t,he t,racks mat.ched in 6 as det,ermiued by a fast,, 

mu t.racking reconstruct,ion. 

Offline, t.racks are reconst,ruct.ed using t,he full CDF t,racking program, 

and “st.ubs” in t,he muou chambers are mat,ched t,o t,racks t.o form candidat,e 

muons wit,11 t.he requirement that. pt > 3. Due to hardware problems at, t.he 

begiuiiing of t.he ruu, ouly h 3.Opb-’ of dimuon t,riggers were collect.ed. 

Dimuou unlike-sign randidat,es are t.hen used t,o search for J/$ candidat,es. 

Figure 9 shows t,he invariant, mass distribution of dimuon candidat,es where 

t,he p, of t.he dimuon pair was required t,o be great,er t,han 4 GeV. The 

dist,ribut.ion from like-sign dimuon pairs is also shown iu t,his figure as a 

dashed line. There are approxinlat,ely 1700 J/71, eveuds in t.he peak. 

5.2 J/t+h Production 

J/G part,icles are produced eit.her directly as charmonium (pp 2 CC-Y) or 

as decay product,s of ot,her part,icles. Since the J/$ has quant,um numbers 

Jpc = l--, t-channel processes (gg + CT) which have 2 gluons in t,he ini- 

tial st,at.e are suppressed relat,ive t.o s-channel processes (e.g. gg - g - c?) 

which have a single gluon in the initial state. However, in pj? collisions 
for mass stat,es as low as t,he J/I/, t-channel processes dominale t,he pro- 

duct,ion. This results in a suppression of direct J/+ product,ion relat,ive t,o 

t,he product.iou from decays, dominated by x1,2 -+ J/i? and B d J/&Y. 
Again, since gluon fusion processes dominat,e, its is t~he mass st,at,e which 

det,ertnines the product,ion rat,es at a given pt. Therefore, oue would expect, 

t.hat, t,he process ,~~,a + J/,$7 will douliuat,e at, low p, and B - .J/y.Y 
dominate at. a higher pt (pt of the J/tj ). Figure 10 shows the t~ransvrrse 
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I~~I~~I~~.UIII dist.ribut,ion of the J/d 1 candida& along wit,11 a predict,ion from 

a calculation by Glover ef al.[‘i] 

5.3 L4 Cross-section 

There are many met.hods available for measuring t.lw b& cross-sect,ion. 

At, present,, all result,s are preliminary. I will therefore describe some of t,he 

more promising met.hods which are being explored. 

5.3.1 Event Topology 

In producing J/$ from ,x1,1 decay, the pr of t.he \I,z comes from recoil 

gluous, whereas lowest order bb can have tmwzer~ p, of t,he b-quark recoiling 

against a part~ner b. The event, topologies are therefore expect,ed t,o be dif- 

ferent,. For inst.ance, J/T/ from B decay should be nearer to hadronic act,ivit,y 

occurring in the same b-jet, relat,ive t,o xl,2 where most, of t,he remaining jet, 

activit,y in the event. is occurring in (he recoil side. iVe therefore search for 

such a correlat,ion in J/$-track and J/$-jet dist,ribut.ions. The analysis is 

at, t,his t,inle too preliminary t,o present, here. 

5.3.2 The Ratio a($)/~($‘) 

Figure 11 shows t.he lept.on invariant, mass of dilept,on pairs at. t.he Y(4.S’) 

as measured by the C!LEO collaboration 181. From figure 9, we see that, 

t,he cross-se&on for detect.ing J/t)’ relat,ive to J/+ is quite a bit, smaller 

at. the Tevatron. Since theoret,ical prejudice has it that at. t.he Tevat,ron 

2 100% of all J/$’ come from B decays, t.here must. be anot.lwr source of 

.I/+ production. By comparing with the C’LEO result,, one can ext,ract t,he 

rat,e for .x1,2 + ,$, and use t,his to measure t.he bb product,ion cross-section. 

This analysis is also in progress and will not be discussed here. 

5.3.3 \ -+ J/I/y 
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The search for t.he decay ,x1,2 - J/$7 begins wit,h t,he dimuon sample 

(R.Opb-I). Muon candidat,e tracks are fit, wit.11 a beam const.raiut,. Figure 

12 shows t.he dimuou invariant mass in t,he signal (3.05 < m(/~+p’-) 5 3.15) 

and sideband (2.80 < rn(p,+p.-) 5 3.00 and 3.20 < rn(~r+/c~-) < 3.40) 

regions. 

For each muou candidat,e, t,he t.rack ext,rapolat.ion to t,he muou st,uh 

is required t,o mat.& wit,hin *5cm (2 20) in the t,rausverse plane. Pho- 

t,on candidat,es are rest,rict,ed t,o cent.ral t,owers wit,h EEA1 2 1.0 GeV. The 

shower is required t.o be consist,ent, wit,h a phot,on shower in t.he C!ES (see 

above) by requiring ~xz, &+ _ ’ < 4. The dire&on of t,he phot.ou is calculat,ed 

from t,he position in t,he strip chamber and t,he event, vert,ex as det~ermined 

by t,he VTPC; t,he energy is t,ower EM energy. In order t.o reduce t.he cam- 

binat,oric background from J/$ d ecays from B mesons and to furt,her t.he 

approxinmt,ion that, t,he euergy of t.he phot,on is the sole cont.ributiou t.o t.he 

energy iu t.he t,ower, we define an isolat,ion variable usiug 

. Cpr of tracks (wit,h pt > 1.0 GeV) in a 30” cone aud 

. C E s C Exao + E,qnr (wit,h E > 1.0 GeV) in a .5 x 5 mat,rix of 

towers about, the phot,on direct,ion. 

excluding t.he muons from t,he suns. The sum 1 p, + C E < 2.5 GeV gives 

a background rejection of 70% wit.11 au efficiency of 80% using t.he ISAJET 
hIout,= Clarlo and full CDF det,ector simulat,ion. 

Aft,er this cut,, t.he mass difference m(p+p-?) - m(p,+p’ is shown for 

t.he signal and side-baud regions in figure 13, and a fit t,o t,he d&a using a 

gaussian signal over a background parameterized by 

The fit. yields 48 f 15 event.s in t.he signal region centered at, am = 432 !c 13 

MeV. The widt,h is measured t,o be 74 * 24 MeV. Calculat,iot:s using t,he 

ISAJET Iv1ont.e Clarlo and full C!DF simulat.ion indicat,e t,hat, roughly 50% 

more J/$ cotne from ,x1 t.han from I~. Using t.he values m,, = 3.510 

GeV, 77) \2 = 3..556 C:eV, n,+ = 3.0969 GeV, and t.he product,ion fraction 

a(~~) = 1.5. 0(x2) we expect, t,he mass difference t,o peak at 431 Me\-. iu 

good agrec~meut~ wit,h t.he d&a. 
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This analysis is still in progress, however it, should yield a good mea- 

suremeut~ of t.he fraction of J/$ decays from .x1,2 as a fun&on of pt, and 

t.hus a bb cross-section. 

5.3.4 Exclusive Decays B - $Kc and B - $I<*’ 

To look for exclusive decays of B nwsons t,o J/e we use t.he ent,ire 

4.lpbt’ dat,aset,. Figure 14 shows a plot of J/d 9 candidates (where t,here 

are z 2800 candidat,es over a background of z 10%) and figure 1.5 shows a 

blowup of the distribution about the J/$ nmss, fit. t,o a gaussian. The nlean 

of figure 1.5 is consist.ent, sit,h t.he wass of t,he J/t) to very high accuracy. 

For exclusive decays, all dinluon pairs wit,h m(/l+p.-) in t,he signal region 

(defined by Irn,(p+p-) - rn+i.l < 50 MeV) refit, witch a Imass const,raint, t,o 

n,$ = 309ti.9 MeV (t.he side-band regions are defined by 2.7 < n~(lr+kr-) < 

3.0 and 3.2 < n~(p,+p,-) 5 3.5). charged t.racks which are consist,ent. wit.11 

coming front t,he salme event. vert,ex in z as measured by t,he VTPC! are t,hen 

refit, wit,11 a vert.ex con&a& t,o that, vert.ex. To reduce conlbinat,orics, t,he 

following cuts are applied: 

l Only t.racks wit,hin a cone of 60” (AR 2 1) about, t,he J/i direct.iou 

are used. This cut. favors t,he high p1 B-tmesons (relat,ive t,o ot,her 

sources of J/I) production). 

. The invariant, lnass of each J/$ candidat,= and pairs of opposit,ely 

charged t.racks (m( J/I/T +a-)) are required to be niore t.han 1.5 MeV 
away iron1 the J/$’ Imass (see figure 16). Only t.racks wit.hin a cone of 

40” about the J/q are considered, and no monwnbum cut.6 are applied 

t,o these tracks. 

All charged t,racks wit.21 p > 3 GeV are assigned t,he I<- amass, and t,he 

invariant. lnass of these tracks and t,he J/4 ( imass const,rained) candidat,es 

is shown in figure 17. An excess of 2 20 i 6 events at, t,he I3 nlass indicat,es 

t.he exclusive decay B* - #K*. Figure 18 shows t.he satme invariant, ~nass 

dist,ribut.ion for J/$ candidat.es in t.he above defined side-band regions. No 

excess appears at. t,he B n~ass iu t,his dist,ribut.ion. 
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In order t,o reduce t,he cotnbinat,orics in t,he search for B” 2 $I<” whew 
I<‘0 & K+K-, only t.he three highest, t,racks in moment~un~ are considered. 

Figure 19 shows the invariant, mass of t,he 3 pairs of t.racks where one is 

assigned t.he charged kaon mass. The nat,ural widbh of t.he Ii” is z .50 

MeV. We t,herefore only consider pairs of t,racks within fS0 hjlev of t,he 

li” mass, and form the invariant. mass of the J/4 candid&z wit.11 t,hese 

t,racks. Figure 20 shows an excess of z 15 f 6 events at, t,he B mass. Figure 

21 shows t,he invariant, mass using the J/q candidat,es in t,he side-band 

regions, and figure 22 shows the invarianl, mass using the J/I) candidat,es in 

t,he signal region and like-sign KT pairs in the Kg0 mass region. No excess 

at, t,he B mass is s.een in eit,her of these t,wo distributions. 

Figure 23 sl~ows t,he combinat,ion of t,he invariant mass dist,ribut~ions 

from figures li and 20. indicat,ing an excess of 5 3.5 3~ 9 even1.s at, t.he B,,d 

mass. 

6 CP Violation at the Tevatron 

Wit.11 t,he above promise for significant cont~rihut.ions by hadron colliders 

t.o B-physics. it. might. be wort.hwhile consider whether t,he ult,inlat,e goal of 

a B physics program, namely CP violation measurement~s, can be achieved. 

Just, what one is going t,o measure at, t,he Tevat,ron in order t,o see C!P 

violat.ion is discussed below. 

6.1 Primer on CP Violation in the B sector 

In any quant.um mechanical process which can occur t,hrough more t.han 

one anlplit,ude, interference phenomena can result, in C!P tlon-conservatiotl. 

In t,he st.andard model of weak int,eract,ions t.he W boson interact,s wit,11 

nlixt.ures of t.he quark mass eigensdat,es t.hrough the C!Khl matrix. The 

Hamilt~onian for t.hese inderact,ions is given by 

31 = glV,t Ciii?“(l - ps)djT.;j + $5II-,; Ca;7”(1 - Js)lf;l;; 
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where ‘I(~; runs over u, c, f quarks aud d; rum over d, s: b quarks, g is an 

overall real coupling, and I’;j is t.he unit.ary C!KM mat.rix. ITnder C!P t.rans- 

format,ious, we have 

aud we see t,hat from comparing the above t.wo equat,ions, if LV is real, t,hen 

‘H is C’P juvariant. Alt,hough it is possible t,o absorb some of t,he cam- 

plex phases of 1; int,o t,he quark fields ‘U and d, Kobayashi and Maskawa 

191 have shawl that, if V is a mat& 3 x 3 or larger, t.hen 1. can cou- 

t.aiu complex phases which camlot, all he absorbed by t.he fields. Thr 

weak int.eract,ion is t.herefore in principle capable of CP nominvariauce 

provided f,he CKM matrix has at, least, one complex phase. One way 

t,hat. C!P violation is expect~ed t,o manifest, itself is in t,he asymmetry in 

t.he decay rates of the B0 ~$8. B” mesons t,o CP eigenst.at.es (c.g. $Ii,) 

through t,he inderference in t.he B”/Bo mixing amplit,udes, or in plain em 

glish, I’(B” + B” + Xcp) # r(B’ - B” - Xcp) where -Yc:p is some 

C!P-eigeust,at.e decay product of both B” and BO. Another way 1.0 see t,his 

is t,o draw t.he low&-order diagram for B” + B” mixing. If C!P is violated, 

t,hen T is violat,ed (CIPT is always conserved), t,he amplibude is different. ac- 

rordiug t,o t,he t,ime direction: and t,herefore not, equal t.o t,he same diagram 

for B0 - B”. 
We not,e that CP non-conservat,ion can also mine from final stat.? in- 

t,eract.ious, but. t,his will uot be discussed here. In t,his paper, we will be 

referring t.o C:P violat.ion in t,he asymmetry in t,he decay of t.he neut,ral B 
mesons B’ and B0 t.o the C!P eigenstate $Ii,. Of course t.here are ot.her 

ways for (iP violatiou t.o manifest. itself in t,he B-sect.or. We refer you t,o 

among ot.her references a paper by Bigi aud Sanda [lo] and t,he recent. BCD 

collaborat,ion expression of interest, (EOI) to the SSC laborat.ory which ecu- 

t.ains a coniprehensive treatment, of t.his subject.. 

Assume t,hat. one is going t,o look for au asynunet,ry in t,hr rat.e fat 

B” + $K, using a lept,on t,ag. The t,itne evolut,ion of the a.s~mmet~ry (t.he 

differeuce divided by the sum) in t,he rat,es for B” VR. 3’ t.o decay t,o c,li,. 

is given by Bigi ct. a1.[10] (page 52, equation 2.13) and is: 
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A(f,i,C = LIZ) cx sin[(f +7)&n,] (1) 

where t aud i are t,he proper t,imes of the b and 5 syst.enis respect,ively 

and Em is t,he mass difference bet,weeu t.he mass eigenst,at,es ( B1 aud Bz 
analogous to t,he kaon sectors) aud t,he i refers t,o t,he charge st.ate (‘2) of 

he 6 

First., let,‘s look at. CP violat,ion at. C’ESR. at. t,he T(4S), where it. is 

iuiport,ant. t,o remember t,hat, et E- - bb proceeds via a virt,ual phot.ou 

(Jpc = l--). Therefore t,he 65 syst,eni is produced in a CP even (C!P=+l) 

aud C odd (cl=-1) st,at,e, aud equation 1 beconies 

A(f,i,C = -1) cx sin[(t -i)6m] 

aud t.he int,egral over bot,h f and i from zero to iufinit,y is equivalent, t,o 

int,egrat,iug t,he difference T = f -i from -cc t,o ‘xi over siu(r6m]dr. This 

iubegral, beiug odd in 7, vanishes. Since at, the T(4S) the b& system is in 

an odd charge parit,y (C=l) state, we see t.hat, t.he asynnuet~ry in t.he t,otal 

rat.e vanishes, aud therefore t,o see CIP violation in lept,on+1/‘11-, oue has t,o 

act.ually measure t.he t,ime asynuuet.ry T. However, at. t,he Y(4S) t,he b and & 
quarks are produced almost. at, rest,, and so C’P violat.ion via nieasurenieubs 

of T are ext,remely difficult,. In t.he C even case (C!=+l) t.he int,egral does 

not, vanish, C!P viol&au can be tuanifest,ed iu t,he asynmiet,ry, and it, is 

therefore uot, necessary t,o measure the dist,ribut,ion in t,he proper t,inies for 

t.he B’ and 3’ decays. 111 t,his case a count.ing nieasurement~ is sufficient,, 

aud one can int.egrat,e equat.ion 1 t,o get a t.ot,al asynunet~ry in t,he rat.e: 

A = I-( B”? - I)A-~Z+) - r( BOB0 + v’sh-J-) 

r(BoTP + +KJ+) + r(BOBO + $Ii,l-) 
(2) 

where l* is from the lept,on tag. 

6.2 CP Violation at the Tevatron 

At, the Tevat.ron, the following charact,eristics are of note: 
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The bb can be produced iu eit,her C!=+l or C!=-1 st.at.es. Therefore 

oue can simply measure au asymmetry iu t,he rat,e (equation 2) as 

proposed above t,he T(4S) at. CIESR. 

Unlike in t,he e+c- experimeuts at, or slightly above t.he Y( 4s) where 

B” nlesous are produced almost~ eut,irely along wit,11 a BO, at, t,he Teva- 

t,rou, one expect,s ueut,ral B mesons to be produced along wit.11 some 

combiuat.ion of B”, B’, B*, B,, and Bbarllon. The asymmet~ry mea- 

suremeut, is therefore t,he same as in equat,ion 2 wit,11 110 explicit, re- 

quirement, of having bat.11 B’s neut,ral: 

A = r(BB - $IiJ+) - r(BB - $li,l-) 

r(BB - T/A-J+) + r(BB - $A-,I-) 
(3) 

The b?a cross-sect,ion is huge. By “huge” we ineau that. relat~ive t,o 

minituunl bias, a(bb)/a(mbs) z l/1000. 

Of course t,he import,aut, quest,ion asks how much lutniuosiby CDF needs 

t,o see C!P violat,iou using t,he I/h-, events. To calculate t,his, me define 

l NB 1.0 be t,he number of B + ,$I<, observed in t,his year’s dat,a. The 

search for B + $Ii.(Ii, - a+~-) is in progress, however we expect 

that, t.here should be about, l/3 as many of these wends as $Ii* (l/2 

from li,/h-* and 2/3 from Br(li, - x+x-), or 16 i 2 evenbs. 

l L,, to be the luminosit,y for dinluau event~s (2 3/pb) 

a 1a1 t.o be t,he est.imat,ed increase in t.he dimuon rat,e (2 x 20) due t.o 

the following t.hree changes: 

1. trigger elect,ronics changes should realize a fact,or of k x3 im- 

provement, in t.he dim tmn trigger 

2. wit,11 t.he muon ext.ension we get. an increase of z X2 

3. wit.11 a lower trigger threshold ou py in subsequent, rum (lowered 

from - 3 t,o - 2) we cau maybe get, au addi t.ioual fa,ct,or of about, 

2 x4 in t.he nun~ber of $ - /I’~I-. 

l Brs -I be t,he branching r&o of B to c or bl (2 .l) 
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l q to be t,be effic,iency for t,be lepton which includes the accrpt.ance 

and pi cuts 

and calculate a d&e&d cross-secbion for a tagged lept,on (e/11) and a B - 

$A-. t,o be 

~$K,i+ = $19,2&i B + l*)ei 
Pi. 

(where t,he “2” is for e’s and b’(s). Plugging in t.be numbers we get, 

LT+~,~+ zz 2Br( B + l*)q .50pb 

as t.be estimat~ed det,ect,ed cross-sect.ion. To calcu1at.e how ~nucb luminosity 

we need t.o see an N, effect in t,be asymmet~ry A (via equat,ion 3) we use 

t.be fact. t,bat. 

64= (1-A’) 

4---- N curnts 

and set, A/6A = N.,. Combining nit.11 t,be above cross-s&ion we get.: 

Neu.,t, 
1 

N,j(l 
- 

C 4*) 
1 

CP = bU’K.I+ 50 AZ 2Br(B (4) - I* )E, W’ 1. 

If we use A=.16 and NV = 3, and t.ag both E and /1 leptons wit,11 Br(B - 
l*) = .l we get, 

.c 
O.O35fb-’ 

CP = 
Cl 

for t,be luminosit~y needed as a function of t,he lept,on tagging efficiency. 

Not.e that the uncert.aint.y in t,his number is quit,e large and is dominat,ed 

by fluct,uat.ions in t,he presently observed number of B - $I<, evenbs. It, 

is conceivable that. CDF will ultimately see - 3fb-1 of 1uminosit.y in it,s 

lifet,ime, which means that t,he lepton t,agging efficiency will have t.o be a 

few percent, or more. Est,imat,es from previous st,udies indicat,e t,hat t,be 

fract,ion of’ inclus~ue Bs with a lepton above pt = iGel‘ is about, l/100. 

However, since t,he 1uminosit.y required is proport,ional t.o li;;Z’, my dilut~ion 

of t,he asymtnet.ry would make such an experiment rer;- difficult. This is 

discussed in t.be next, sect,ion. 
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6.3 Dilution of the CP-Violating Asymmetry 

The above asymmetry will be diluted due t,o various physics (and de- 

t.ect,or) efkt,s: 

. The neut,ral B (E, and Bd) which decays semilept~onically can mix, 

hence will an6tag t.he flavor state of t~he B which decays t.o $Iis 

. The C!P stat,e of the produced 65 c,an be different. from t.lmt. of t.be 

final BB syst,em. This can be t.he result, of many different, effect,s, for 

instance: 

- Eit,her of the B mesons in the event, can come from B’ - B? 
decay. Event,s which bad a single B’ will have an opposit,e C!- 

parit,y for t,be BB relat,ive to the producing bz Therefore, only 

events with c(bz ) odd and one B’ or C(b8 ) even and eit,her zero 

or two B’ will cont,ribut,e t,o the asymmetry, since t,be int,egral 

over the proper t,itnes of the two mesom in t,be asymmet~ry (see 

equat.ion 1) will vanish for odd C( BB)-parit,y st~at,es. 

- The BP can have relat,ive angular moment~um. 

- Final-state gluons can change t.he C!P st.at,e - event,s wit.11 B - 
ti1i.g where the g hadronizes. 

. Background t,o t,be inclusive lept,ons used for t,agging (fake lept.ons, 

lept,ons from charm, conversions, E~c.) and from background tili, 

candidates. 

In order to t,ake into account all of &se effects, d&&d calculat,ions 

are warrant,ed. However, looking at equat.ion 4, we see t.bat &p cx l/A’ for 

small A. Any dilution of A of order l/3 or larger will result, in an increase 

in &p of an order of magnit~ude. We can t,herefore realist,ically conclude 

from t,his i,bat, CP violation at, t,be Tevat.ron is probably at lcnsf more than 

1 order of tnagnit.ude away from realit,y. 
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7 Conclusion 

The fut,ure of B-physics at, t,he Tevat.ron looks very briglIt,. A big11 

st,at.ist.ics (2 300,000 inclusive leptons and > 100,000 $ + b!‘{t- ) sample 

of events for B-physics analysis using t,he CDF d&&or is a likely result. 

of t,be coming (1991/92) run. The silicon vert,ex chamber will be inst,alled, 

and with it.s z 10~ resolution, displaced vertices from b decay should be 

reconst,ruct.ible. It, should therefore be possible for the CDF collalmrat,ion 

t,o measure 

. Witli t,he inclusive leptou sample: 

- B, mass, lifet,ime, and fraction 

- Bc’ (and perhaps B,) mixing 

- b% t.ot,al and different,ial (with respect, to pt) cross-s&ion wit,11 

the relat,ive cont,ribut,ions from flavor cr&ion and gluon split.ting 

amplitudes. 

l With t,he inclusive .J/$ sample exploit.ing in part,icular t,he exclusive 

states B - $Ii+, $IC"(Ii" - Ii-n+), $Iin+x-, and $Ii,(Ii, - 

TT+n.- ): 

- The B’ and B” lifet,imes 

- b8 t,ot.al and different.ial (wit,h respect. to p,) cross-sect,ion wit.b 

t,be relat,ive cont,ributions from flavor creat,ion and gluon split.ting 

amplitudes. 

The dilut,iotl of t,he CP-violating asymmet,ry (as above) is sensit,ive t,o 

all of t,hese quaut.it.ies - t,heir being measured would help det.ermine wbet.ber 

C!P violat,ion is in principle a reasonable goal for t,he fut.ure. 
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